INTRODUCTION: GENETICS OF RICE, MAIZE AND WHEAT
===============================================

Rice (*Oryza Sativa L.*), maize and wheat are the three most produced and consumed crops worldwide. Rice is a diploid plant with 12 pairs of chromosomes, and approximately 382 million base pairs (382 Mb) in its genome. Rice has roughly 55,000 genes [@B001]. Similar to rice, maize is also a diploid plant. However, the core genome of maize is 4-5 times larger than rice, with 10 pairs of chromosomes, roughly 2,000 Mb and 110,000 genes [@B002]. In contrast to rice and maize, wheat is an allohexaploid plant with 21 pairs of chromosomes, and 17,000 Mb in its genome. It is predicted that wheat has roughly 94-96 thousand genes [@B003].

Rice, maize and wheat all originated from a species with only five pairs of chromosomes. During the evolutionary process, genome replication and chromosome translocation and fusion led to the formation of 12 intermediate chromosomes. Rice, wheat, maize and other crops were then gradually differentiated out from this basis. As a result, rice retained the original 12 intermediate states chromosomes, while loss and and/or integration of the original 12 chromosomes led to the current genome of wheat and maize [@B004]. Therefore, although the rice genome is much smaller than that of maize or wheat, it has retained the genetic diversity and fingerprint of its ancestral species. The only major difference is that the repeat sequences in rice are not as large as those in wheat or maize. In light of evolutionary conservation and genome miniaturization, rice has become a model species for the genomic research of gramineous crops.

RNA SPLICING AND ALTERNATIVE SPLICING
=====================================

RNA splicing is a biological process that removes introns from pre-mRNA, and ligates exons together [@B005]. Since its discovery more than 35 years ago [@B006],[@B007], RNA splicing has been extensively studied, particularly in vertebrate animals. In humans, there are approximately 3,200 million base pairs of DNA; however, 98.5% are not transcribed. The remaining 1.5% of DNA contains approximately 25,000-35,000 genes [@B008]-[@B012]. The size of genes varies, with an average estimate of 30,000 base pairs (bp) per gene in humans. Many genes are larger than 100,000 bps, with the largest known gene dystrophin being approximately 2.4 million base pairs [@B008]. Genes are transcribed from DNA into pre-mRNAs, which are normally longer than 30,000 nucleotides. However, the average size of mature mRNA that codes a protein is usually shorter than 2,000 nucleotides [@B008]. The size discrepancy between pre-mRNAs and mature mRNA is explained by the so-called RNA splicing process, in which a large portion of a pre-mRNA is trimmed. More interestingly, it has been determined that many individual exons or introns may be included or excluded in some mRNAs, but not in other mRNAs, through an alternative splicing (AS) process, leading to generation of multiple protein isoforms from a single gene. It has been estimated that more than 95% of multiple-exon pre-mRNAs in humans undergo alternative splicing [@B012], exponentially increasing biological information flow in cellular processes, leading to an estimated 90,000 protein species in humans, despite there being only roughly 25,000 genes [@B013]. Extensive studies have demonstrated that splicing and alternative splicing regulate almost every biological process, including signal transduction and energy transfer in metazoan and plants. A variety of diseases in humans have been found to be caused by defects in pre-mRNA splicing [@B005],[@B014]. Correction of defective splicing has recently become a target for the treatment of such diseases in humans. However, in contrast to humans and other vertebrates, studies of RNA splicing and alternative splicing in plants, such as in rice, are limited. But the mechanisms of splicing in both metazoans and plants are believed to be similar, although many differences are known to exist in actual splicing between metazoans and plants, as discussed below.

Pre-mRNA splicing is a two-step process that involves the formation of phosphodiester bonds [@B015]. The first step involves attack of the phosphate group at the 5' splice site on the hydroxyl group of the adenine at branch point, so that a 2'-5' phosphodiester bond is formed. The second step engages the phosphate group at the 3' splice site that attacks the hydroxyl group of the 5' splice site, to form 3'-5' phosphodiester bond. The splicing process is not complete until the cleaved exons are ligated together, to form a mature RNA. RNA splicing is a heavily regulated biological process that is dependent on sequence elements in pre-mRNAs. These sequences, termed splicing signals, include such elements as the 5' splice site, 3' splice site, branch point and polypyrimidine tract [@B016]. In contrast to metazoans, the branch point and polypyrimidine tract are less conserved in plants. In addition to these essential elements, the pre-mRNA trimming of some introns and inclusion/skipping of some exons are regulated by enhancers or inhibitors in the pre-mRNA sequence [@B016],[@B017]. The overall coordination among splicing signals, enhancers, and inhibitors, as well as other components that are discussed below, leads to the precise and orchestrated event of pre-mRNA splicing and alternative splicing.

Pre-mRNA splicing occurs in the spliceosome, a large RNA protein complex [@B018]. The spliceosome is a dynamic structure that undergoes multiple complex transitions during the splicing process. While slicing signals in pre-mRNA are required for the splicing of specific exons, U1, U2, U4, U5 and U6 snRNPs (small nuclear RNA protein complexes), as well as U2AF65 and serine-arginine rich (SR) proteins, are essential components that make up the spliceosome [@B019]-[@B021]. Assembly of the spliceosome begins with the formation of the first complex, complex E as the early spliceosome, whereby U1 snRNP is recruited to the pre-mRNA and U1 snRNA in U1 snRNP base pairs, with the 5' splice site of pre-mRNA. Subsequently, a pre-spliceosome complex is formed. In the pre-spliceosome, U2 snRNP is recruited to the pre-mRNA and the U2 snRNA in U2 snRNP base pairs, with the branch-point in the pre-mRNA. Recruitment of U4/U5/U6 snRNPs to the pre-spliceosome leads to maturation of the spliceosome complex, which then proceeds to trim introns and ligate exons, respectively.

###### 

Genes, exons and introns in yeast, rice and humans

  --------------------------------------------- ---------------------- ------------------- -------------------
                                                Yeast                  Rice                Humans
                                                                                           
  Total genes                                   6,000                  50,000-60,000       25,000-40,000
  Intronless genes                              ＞5,700                11,109              6,227
  Percentage of intronless genes                95%                    ∼20%                ∼20%
  Average internal exon size                    N/A                    300 bp-500 bp       140 bp-180 bp
  Average numbers of exons                      ＜2                    4-5                 8-10
  Alternative splicing of multiple-exon genes   Rare                   ＞50%               ＞95%
  Splicing mechanism                            Spliceosome mediated   Intron definition   Exon definition
  Average intron size                           ＜200 bp               300 bp-550 bp       3,500 bp-5,500 bp
  --------------------------------------------- ---------------------- ------------------- -------------------

Based on previous publications [@B008], [@B023], [@B038], [@B054]-[@B057] and MSU Rice Genome Annotation, Release (<http://rice.plantbiology.msu.edu/analyses_facts.shtml>).

Splicing and alterative splicing in humans and in rice
------------------------------------------------------

Pre-mRNA splicing was initially described in adenovirus 2 late mRNA [@B006],[@B007]. Subsequently, it was determined that RNA splicing is a universal event that occurs in all organisms. However, the type and mechanism of splicing varies among species. In prokaryotes, splicing is a rare event that occurs in non-coding RNAs, such as tRNAs [@B022]. On the other hand, in eukaryotes, splicing is mostly referred to as trimming introns and the ligation of exons in protein-coding RNAs. Another major difference in splicing between prokaryotes and eukaryotes is that splicing in prokaryotes does not involve a spliceosome. The frequency of RNA splicing depends on the complexity of gene structures of genomes in particular species. Generally, many more RNA splicing events occur in higher species, such as mammals, compared to lower species, such as single cell organisms like *Saccharomyces cerevisiae* (yeast) ([Table 1](#T0001){ref-type="table"}). Approximately 95% of genes in yeast have a single exon without introns. As such, splicing is not necessary in these genes. The remaining 5% of genes in yeast have either one intron or two introns, suggesting that pre-mRNA splicing in yeast is not as complicated, as it is in other species. On the other hand, ＞80% of genes in humans and rice have multiple introns. In fact, genes in humans have an average of 8-10 exons [@B023]. Therefore, most genes in humans undergo splicing, to generate mature mRNA.

The human genome contains approximately 25,000-35,000 genes, a number that is much smaller than initially estimated. One explanation for the smaller number of genes in humans, is that many genes undergo alternative splicing (AS), leading to multiple protein isoforms from a single gene, which in turn results in a much greater number of proteins, compared to genes. Alternative splicing is an event that is found in both metazoans and plants. Since its discovery in early 1980, during characterization of the immunoglobulin mu and calcitonin gene [@B024],[@B025], alternative splicing has been described in many genes of different species. With the emergence of new technologies, and the rapid growth of expressed sequence tag (EST) and cDNA sequence libraries during the last two decades, it is now estimated that more than 95% of genes with multiple exons in humans undergo alternative splicing ([Table 1](#T0001){ref-type="table"}) [@B012]. Alternative splicing plays an important role in the regulation of gene expression, by affecting mRNA stability, through nonsense-mediated decay (NMD) and translation efficiency [@B012]. Alternative splicing events are heavily regulated at different developmental stages, in different tissues, in different cell types and under different conditions. Abnormal alternative splicing has been implicated in a number of human diseases, such as cancers (breast and lung cancers via the Bcl-x gene) [@B026], neurodegenerative diseases (spinal muscular atrophy via SMN splicing) [@B027], frontotemporal dementia with parkinsonism-17 (FTFP-17) via tau splicing[@B028], and other diseases [@B014]. Strategies have been developed to target abnormal alternative splicing in these diseases, as potential treatments [@B005],[@B028]. In fact, several clinical trials are underway, to evaluate the potential to treat diseases by correcting aberrant splicing in humans.

Similar to humans, the majority of genes in rice contain multiple exons and introns, therefore requiring splicing to generate mature mRNAs. Although mechanisms of splicing through the spliceosome have been well characterized in humans, as described above, spliceosomes have yet to be isolated from rice, or other plants. Nonetheless, it is assumed that rice has identical splicing machineries, as in humans. But unlike in humans, studies of alternative splicing in rice have not been as extensive, and most studies have mainly focused on individual genes or gene families. Described in the 1980s [@B029], ribulose bisphosphate carboxylase/oxygenase activase in spinach and Arabidopsis were the first examples of alternative spliced genes in plants. Subsequently, alternative splicing has been found in many other genes in plants, from such species as Arabidopsis and rice. Most of such genes are involved in splicing, transcription, flowering regulation, disease resistance, enzyme activity and other biological processes, in response to conditions such as stress and salinization [@B030]. Specific examples of these genes in rice include homeobox genes [@B031], waxy gene [@B032], starch synthase genes [@B033], OsMET1 genes [@B034], MYB genes [@B035], and the HKT transporter gene [@B036]. Although alternative splicing has been described in many of these genes in different plant species, it was believed that AS in plants was not common. With growing collections of ESTs, and more extensive coverage of plant genomes, researchers have begun to reevaluate splicing and alternative splicing in rice and other plants. In addition, recent advancements of microarray technologies and next generation sequencing have provided extra tools and greater opportunities to examine the depth of splicing and alternative splicing in rice [@B030],[@B037]-[@B039]. As a result, numerous papers published during the last few years have demonstrated extensive alternative splicing events in rice. In one of such papers, Zhang *et al*. [@B038] described a transcriptome atlas from different organs of cultivated rice, and found that alternative splicing events occur in 33% of rice genes. A higher percentage of genes that undergo alternative spicing in rice has been reported by other groups [@B039]. In addition, these groups found that 58% of AS-related genes have multiple AS events, leading to numerous transcripts from a single gene. Interestingly, they also demonstrated that 59% of the AS events in rice were organ-specific, suggesting that AS plays a role in the functional complexity of rice. Gene structure analyses of AS genes indicated that 76% of AS events in rice occurred in protein-coding region. While 48.5% of AS causes frame shifts, or produces premature termination codons, potentially leading to nonsense-mediated mRNA decay (NMD), 27.5% of AS events retain the same reading-frame. These results suggest that, similar to humans, AS also plays an important role in gene regulation, protein diversity and complexity in rice.

REGULATION OF SPLICING AND ALTERNATIVE SPLICING IN HUMANS AND RICE
==================================================================

A majority of the 25,000 genes in humans and the 50,000 genes in rice contain multiple exons and introns. Therefore, to produce mature mRNAs, splicing is required in both humans and rice. Humans and rice share a number of similarities with regard to the regulation of splicing and alternative splicing, which are controlled by splicing signals, cis-elements and trans-factors. One of the most important similarities is that both humans and rice have similar consensus 5' and 3' splicing sites, with C(A)AG/GTAA and TGCAG/G as the donor and acceptor, respectively. These two sites guarantee precise cleavage between introns and exons. In addition, similar to humans, rice contains many homologues of Uridylate-Rich Small Nuclear RNAs (UsnRNAs) and protein components of spliceosomes, indicating that splicing in rice likely occurs via a spliceosome complex.

However, several major differences with regard to the regulation of splicing also exist between humans and rice. First, human genes typically have massive size variations in introns and exons, with an average intron of 3500-5500 bps, and small internal exons (140-180 bps) [@B008],[@B023]. In contrast, introns in rice genes are typically much smaller, and exons can be as large as those in humans [@B038],[@B039] ([Table 1](#T0001){ref-type="table"}) (MSU Rice Genome Annotation, Release 7: <http://rice.plantbiology.msu.edu/analyses_facts.shtml>). Second, a branch point is usually required for the splicing of pre-mRNA in humans. Although there seems to be a branch point upstream of the 3' splicing site in rice, the site is not conserved. Third, a polypyrimidine tract between the branch point and the 3' splicing site is a major feature in regulating the splicing of pre-mRNAs in humans. Instead of a polypyrimidine tract, a U-rich sequence in rice pre-mRNA was discovered, in place of a polypyrimidine tract [@B038]-[@B040].

Due to these similarities and differences in splicing signals, regulatory elements and gene structures, one would expect similarities and differences in splicing patterns between humans and rice. While constitutive splicing in both humans and rice complies equally well with splicing rules via spliceosome machineries, differences in the types of alternative splicing and extent of alternative splicing are also noticeable. More than 95% of human genes with multiple exons undergo alternative splicing, while only 50% of rice genes are estimated to have alternative splicing. One explanation for this difference is that the coverage of rice transcriptome and collections of ESTs in rice are not yet as extensive as in humans. However, more exons and introns in an average human gene ([Table 1](#T0001){ref-type="table"}) may also contribute to the difference, that humans have a higher percentage of genes with alternative splicing.

![Seven types of alternative splicing. (A) Intron retention (IR), (B) Exon skipping, (C) Mutually exclusive exons, (D) Alternative 5' splicing, (E) Alternative 3' splicing, (F) Alternative first exons, (G) Alternative last exons. Intron retention is the major alternative splicing event in rice, whereas exon skipping is the most frequent alternative splicing in humans.](BMB-46-439-g0001){#F0001}

Seven types of alternative splicing have been observed in both humans and rice ([Fig. 1](#F0001){ref-type="fig"}), including exon skipping, intron retention, 5' alternative splicing; 3' alternative splicing, mutually exclusive exons, alternative first exons, and alternative last exons. The most common type of alternative splicing in humans is exon skipping, which comprises more than 42% of total AS events [@B041]. Exon skipping occurs when a middle exon is skipped, leading to two separate exons joining together. Conversely, making up only 9% of total AS events in humans, intron retention (IR) occurs when an intron is not spliced out [@B041]. In contrast to humans, intron retention is a common type of alternative splicing in rice (＞47%), whereas less than 25% of alternative splicing in rice involves exon skipping. Interestingly, it has been previously reported that the average size of retained intron is only 183 bp, which is much smaller than the average size of introns (450 bp) in rice, suggesting that intron-retention alternative splicing is related to the size of introns. Such results are consistent with the hypothesis that organisms such as rice with average small introns, use intron-definition splicing mechanisms, by which introns are initially recognized by spliceosome; whereas organisms like humans with large introns, use exon-definition splicing mechanisms, by which exons are first recognized by splieosomes. One other aspect of alternative splicing between humans and rice that needs to be discussed is cis regulatory elements. Numerous exon splicing enhancers (ESE), exon splicing silencers (ESS), intron splicing enhancers (ISE) and intron splicing silencers (ISS) have been identified and characterized in many genes in humans [@B005]. These elements are primarily targeted by splicing trans-factors for positive (SR proteins) or negative regulation (hnRNPs: heterogeneous nuclear ribonucleoproteins) of alternative splicing of specific genes. While potential ESEs have been described in Arabidopsis [@B042], ESEs ESSs, ISEs and ISSs have not been well studied in rice.

Finally, it should be noted that Zhang *et al*. [@B038] reported that similar to humans, rare events such as trans-splicing can still occur in rice. Trans-splicing is coined as a splicing event in which chimeric RNAs comprise exons from two or more different genes [@B038],[@B043]. Although this is thought to be a rare occurrence, the number of trans-splicings may be higher than expected. Identification and characterization of trans-splicing RNAs may provide insight on how genes are regulated in both humans and rice.

TRANS SPLICING ELEMENTS IN HUMANS AND RICE
==========================================

Regulation of splicing and alternative splicing is an exquisite biological process that requires not only splicing signals, cis-elements and gene structures, but also many protein and RNA components, to form spliceosoms. In addition, trans-elements such as SR proteins and hnRNPs are essential for the regulation of alternative splicing in different organs, at different developmental stages, and under different conditions. Among trans splicing elements, SR proteins are the most well studied group of splicing factors [@B016],[@B018]. SR proteins are a family of splicing regulators that contain long repeats of serine (S) and arginine (R) amino acid residues (RS domain) and 1-2 RNA recognition motifs (RRM) at the N-terminus. SR proteins play key roles in regulating both the constitutive and alternative splicing of many genes, including their own genes, in all species [@B029],[@B044]-[@B046]. However, until as recently as 2010, it was ambiguous as to which proteins actually constituted member of the SR protein family, because proteins with RS domains but no RRP motifs exist. To simplify classification, Manley and Krainer [@B046] redefined SR proteins, based on studies in mammals, as proteins with one or two N-terminal RRMs, followed with a downstream c-terminal arginine serine-rich domain (RS domain) ([Table 2](#T0002){ref-type="table"}). A RS domain contains at least 50 amino acids, with ＞40% RS or SR repeats. However, this definition would have excluded a number of proteins in plants from SR families. Therefore it was later clarified by Barta *et al*. [@B047], and endorsed by many scientists, including Manley and Krainer themselves, that Manley and Krainer's SR classification fits well to SR proteins in metazoans (humans), but SR proteins in plants are more diversified, with several additional plant (Rice) specific subgroups ([Table 2](#T0002){ref-type="table"}) [@B047]. One of these rice specific subgroups has RRM motif(s) and RS domains, but with two distinguished zinc knuckles and/or an acidic N-terminal extension rich in Ser and Pro residues, whereas the SC35-like protein subgroup in rice contains only one RRM and RS domain, but possesses an N-terminal extension rich in Arg, Pro, ser, Gly and Tyr. In addition, it was found that another rice specific subgroup has two RRMs. However, the conserved SWQDLKD motif is not present in the 2nd RRM of this group of SR proteins. Similar to this classification, in a more recent study Richardson *et al*. [@B048] identified and described more than 272 SR proteins in 27 different species, from fungi to humans. They analyzed these SR proteins from different species, with the RRM domain as a phylogenic marker. They classified SR proteins into five major groups, which can be further divided into 11 sub-groups. Five of these sub-groups are mainly composed of plant SR proteins, while the six remaining subgroups are mainly comprised of mammal SR proteins. Interestingly, one group of SR proteins, SC35, is conserved among many species, possibly due to its roles in both splicing, and transcriptional elongation [@B049].

###### 

SR proteins in humans and rice [@B047]

  ------------------------------ --------------------------------------------------------------------------- ----------------------------------------------------
                                 Rice                                                                        Humans
                                                                                                             
  Number of SR proteins          22                                                                          12
  RS domains                     ＞50 aas long; ＞20% RS content or RS dipeptide                             ＞50 aas long; ＞40% RS content of RS or SR repeat
  RRM domains                    1-2 Conserved                                                               1-2 Conserved
  Additional domains             1-2 zinc knuckle; acidic --terminal extension rich in Ser and Pro           1 zinc knuckle
  Not rice specific sub-groups                                                                               
  　SR subfamily                 2 RRMs with SWQDLKD motif                                                   SF2/ASF: 2 RRMs with SWQDLKD motif
  　RSZ subfamily                1 RRM, 1 zinc knuckle                                                       SF7/9G8: 1 RRM, 1 zin knuckle
  　SC subfamily                 1 RRM+SR domain                                                             SF2/SC35: 1 RRM+SR domain
  Rice specific sub-groups                                                                                   
  　SCL subfamily                1 RRM+ 1 N-terminal charged extension                                       N/A
  　SC2Z subfamily               1 RRM+ 2 zinc Knuckles + 1 acidic--terminal extension rich in Ser and Pro   
  　RS subfamily                 2 RRMs but without SWQDLKD motif                                            
  ------------------------------ --------------------------------------------------------------------------- ----------------------------------------------------

While SR proteins in humans have been extensively studied by both *in vitro* assays and *in vivo* examination, studies of SR proteins and other trans-factors in rice are primarily based on *in vitro* analysis, and on sequence predictions [@B050]. According to currently available information [@B050], there seems to be several differences between SR proteins of humans and rice. Due to genome duplication throughout evolution, there is a much higher number of SR proteins in rice, than in humans. In fact, the number of SR proteins in rice (n = 22) is almost twice as many as in humans (n = 12). However, duplication of the genome in rice has also led to redundancy of the SR proteins. Interestingly, plants, including rice, may have undergone a so-called purifying process, leading to the compromise of biological efficacy, and protein-protein interactions of orthologues. In addition, it is worthy of note that redundant SR genes are not expressed equally, but rather that one SR gene is usually preferably expressed, than its paralogue in rice. Lastly, although the significance of this observation is still unclear, SR genes in rice have a higher percentage of alternative splicing (95%), than those from humans (40-50%) [@B050].

OPPORTUNITIES FOR AND CHALLENGES TO SPLICING STUDIES IN RICE
============================================================

Splicing is a universal biological event that occurs in almost all organisms. It is presumed that mechanisms to regulate splicing in both humans and rice are identical, and primarily occur through the spliceosome machineries. However, despite the rapid progress of studies in alternative splicing, the importance of alternative splicing in rice is still poorly understood. It was initially thought that alternative splicing in rice regulates gene expression, by generating premature termination codon (PTC), leading to non-sense mediated mRNA decay (NMD) [@B051],[@B052]. However, more recent studies suggest that the majority of alternative splicing events in rice occur in coding regions (76.5%), leading to the generation of a diverse array of proteins [@B038],[@B039]. In addition, it has been shown that alternative splicing in rice may be organ-specific, and induced by specific conditions, such as stress [@B035],[@B053]. These studies suggest that alternative splicing in rice is not only required for the regulation of gene expression, but perhaps also for general diversification of the proteome [@B038],[@B039]. Advancements in next generation sequencing and analytical tools have led to significant strides in our understanding of the mechanisms by which alternative splicing occurs in rice and other plants, ultimately leading to better understanding of the relationship between alternative splicing and the regulation of biological processes.

Due to climate change and exacerbated soil degradation over recent years, many challenges remain in the study of rice, in order to cope with a variety of abiotic stresses, and many other hostile conditions. Traditional genetic studies to improve the yield and qualify of rice have reached the level at which additional improvements have become increasingly difficult. On the other hand, genomic studies, including gene expression and splicing, may provide novel insights. Although continued investigation of gene expression, signal pathways and alternative spicing may revolutionize how rice is cultivated, much more work is needed to understand how gene expression, splicing and alternative splicing are related to the yield, quality and nutrition of rice, and to stress conditions.
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